Excitotoxicity is generally studied in dissociated neurons, cultured hippocampal slices, or intact animals. However, the requirements of dissociated neurons or cultured slices to use prenatal or juvenile rats seriously limit the advantages of these systems, whereas the complexity of intact animals prevents detailed molecular investigations. In the present experiments, we studied developmental changes in NMDA neurotoxicity in acute hippocampal slices with lactate dehydrogenase (LDH) release in medium, propidium iodide (PI) uptake, and Nissl staining as markers of cell damage. Calpain-mediated spectrin degradation was used to test calpain involvement in NMDA neurotoxicity. NMDA treatment produced increased LDH release, PI uptake, and spectrin degradation in slices from juvenile rats but not adult rats. NMDA-induced changes in slices from young rats were blocked completely by the NMDA receptor antagonist (ϩ)-5-methyl-
Introduction
Glutamate is the principal excitatory neurotransmitter in the CNS (Collingridge and Lester, 1989) . Ionotropic glutamate receptors consist of three subtypes: the NMDA receptors (NMDARs), AMPA receptors, and kainate receptors. NMDARs play a crucial role in neuronal development, plasticity, and survival; in addition, overactivation of NMDARs is involved in the pathophysiology of epileptic seizures, hypoxic-ischemic neuronal damage, and excitotoxic cell death (Dingledine et al., 1999; Lynch and Guttmann, 2002) . The intracellular signaling pathways mediating NMDA excitotoxicity are still debated (Skaper et al., 2001; Waxman and Lynch, 2005) . Most researchers agree that NMDARs produce neurotoxicity via rapid Ca 2ϩ influx leading to cellular Ca 2ϩ overload. Several studies have revealed developmental changes in brain susceptibility to excitotoxicity (Kuroiwa and Okeda, 1994; Towfighi and Mauger, 1998) , although the mechanisms responsible for these changes have not yet been elucidated.
Several NMDAR subtypes, differing in kinetic properties, sensitivity to various ligands, permeability to divalent ions, and interactions with intracellular proteins have been identified (CullCandy et al., 2001) . NMDARs are composed of two NR1 subunits and at least one type of NR2 subunits with predominantly NR2A or NR2B subunits in adult rat hippocampus (Wenzel et al., 1997) . During the postnatal period, cortical neurons exhibit changes in kinetics of NMDAR-mediated EPSCs (Barth and Malenka, 2001; Lu et al., 2001 ), corresponding to a developmental change in the composition of the NMDARs from predominantly NR1/NR2B to NR1/NR2A oligomers (Liu et al., 2004) . It has been proposed recently that NR2A-and NR2B-containing NMDA receptors are linked to different intracellular cascades and participate in different functions in synaptic plasticity and pathological conditions (Krapivinsky et al., 2003; Liu et al., 2004; Kim et al., 2005) .
Calpains are calcium-activated neutral proteases participating in excitotoxic neuronal death (Saido et al., 1994; Brorson et al., 1995; Vanderklish and Bahr, 2000; Araujo et al., 2005) and in several neurodegenerative conditions (Chan and Mattson, 1999; Vanderklish and Bahr, 2000) . Calpains are activated by calcium permeating through NMDA receptors during intense synaptic activity (Seubert et al., 1988; Lankiewicz et al., 2000) and have been implicated in synaptic modification both during neuronal development and in adult synaptic plasticity (Lynch and Baudry, 1987; Vanderklish et al., 1995) . The cytoskeletal protein spectrin is a calpain substrate, and quantification of calpain-generated spectrin breakdown products (SBDPs) of molecular weight of 150 and 145 kDa is often used to assess endogenous calpain activation (Nath et al., 1996; Bi et al., 1997; Chan and Mattson, 1999) . PSD-95 (postsynaptic density-95) is a major postsynaptic protein that binds to the C-terminal domains of NMDA receptors (Kornau et al., 1995; Wechsler and Teichberg, 1998) and is also a calpain substrate (Lu et al., 2000) . In the present studies, we determined the role of NR2A-and NR2B-containing NMDA receptors in calpain activation and in excitotoxicity. We used both the known developmental changes in the relative abundance of these two types of NMDA receptors as well as blockers selective for each type of receptors to determine the degree of neuronal damage and calpain activation elicited by NMDA and oxygen/glucose deprivation in acute hippocampal slices prepared from animals at different postnatal ages.
Materials and Methods

Hippocampal slice preparation
Hippocampi were rapidly dissected from postnatal 7-d-old to 3-monthold Sprague Dawley rats, submerged in chilled cutting medium containing (in mM) 220 sucrose, 20 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 2 ascorbic acid, and 2 MgSO 4, bubbled with 95% O 2 -5% CO 2 , and cut into transverse slices (400 m thick) using a McIlwain tissue chopper. After isolation, hippocampal slices were placed in incubation baskets in an artificial CSF (aCSF) containing the following (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 2 ascorbic acid, 10 glucose, 1.5 MgSO 4 , and 2.5 CaCl 2 , saturated with 95% O 2 -5% CO 2 and incubated for a 1 h recovery period at 37°C.
NMDA treatment and oxygen/glucose deprivation
NMDA treatment. After 1 h recovery, hippocampal slices were washed twice with fresh aCSF, gently transferred into individual vials in 2 ml of aCSF containing (in mM) 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 10 glucose, 1.5 MgSO 4 , and 2.5 CaCl 2 , saturated with 95% O 2 -5% CO 2 , and further incubated in the absence or presence of NMDA (100 M) for 1 or 3 h at 34°C. For NMDA receptor subunit antagonist treatment, slices were incubated with ifenprodil,
acid (NVP-AAM077) for 20 min before adding NMDA.
Oxygen and glucose deprivation followed by reoxygenation. After 1 h recovery, hippocampal slices were washed twice with oxygen/glucose deprivation (OGD) solution containing (in mM) 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 1.5 MgSO 4 , and 2.5 CaCl 2 , pH 7.5, and transferred into individual vials with two slices per vial in 2 ml of OGD solution, previously bubbled with nitrogen for 20 min. Hippocampal slices were incubated in OGD solution at 34°C for 1 h in anaerobic vials saturated with nitrogen; in some cases, slices were then collected and processed for Western blots. For lactate dehydrogenase (LDH) assay, incubation medium was collected after the 1 h incubation period, and slices were washed with aCSF and further incubated for 2 h in 2 ml of fresh aCSF solution saturated with 95% O 2 -5% CO 2 . The final LDH release was the combination of LDH release during the 1 and 2 h incubation.
Western blots. Hippocampal slices were sonicated with a tip sonicator on ice for 6 s twice in a lysis buffer containing 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM Tris-HCl, pH 7.4, 0.5 mM phenylmethylsulphonyl fluoride, 2 mg/ml leupeptin, and 1:1000 protease inhibitor mixture. After sample preparation, 20 g of total proteins was loaded to each lane of 6% or 10% SDS-PAGE gels, and, after separation, proteins were transferred onto polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were blocked with 5% nonfat milk at room temperature for 1 h and probed with different primary antibodies (spectrin and ␤-actin, 1:10,000 dilution; other primary antibodies, 1:1000 dilution) at 4°C overnight. Membranes were then incubated with secondary antibodies for 1 h and developed with ECL solutions. Western blots were scanned and analyzed quantitatively by densitometry with NIH ImageJ software. Data were generally calculated as fold of control and expressed as means Ϯ SEM from at least four independent experiments. A number of control experiments were performed in which the blots were also labeled with antibodies against ␤-actin, and the results were then expressed relative to the levels of actin. No significant differences were observed between the two methods, indicating that the results were not caused by unequal amounts of protein loading. Student's t test was used for statistical analyses, and only p values Ͻ0.05 were considered as statistically significant.
Cell viability assay. Neuronal damage was assessed by measurement of LDH released into the incubation solution (Koh and Choi, 1987; Bruce et al., 1995) . At the end of the various treatments, 0.2 ml of medium solution was mixed with 0.8 ml of potassium phosphate buffer (100 mM K 2 HPO 4 , adjusted to pH 7.5 with KH 2 PO 4 ). After 20 min, 0.5 ml of freshly made sodium pyruvate and nicotinamide adenine dinucleotide (NADH) solutions was added to this solution immediately followed by measuring absorbance at 340 nm. LDH activity is expressed as units/ml, with one unit of activity representing the amount of LDH that causes a decrease of 0.001 absorbance units of NADH per minute in the presence of sodium pyruvate. LDH release was normalized to protein concentration and results are shown as fold of controls. Neuronal damage was also assessed by propidium iodide (PI) uptake as described previously (Laake et al., 1999) . PI (4.6 g/ml) was added to bath solution together with different treatment, and after 3 h incubation, slices were fixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. Slices were then transferred to 0.1 M phosphate buffer with 20% sucrose for 24 h and sectioned at 20 m using a freezing microtome. PI uptake was visualized using a 5ϫ objective with a microscope fitted with fluorescence detection, and images of PI-labeled slices were captured with a CCD camera; at this magnification, one image was sufficient to analyze an entire hippocampal slice. To obtain the best intensity of images and to avoid saturation, all acute hippocampal slices were exposed for 50 ms, and the camera gain was kept constant throughout each experiment. Fluorescence intensity was estimated by the following method: first, images were adjusted to gray levels and captured with Adobe Photoshop (Adobe Systems, San Jose, CA), with the background of images in white and PI-stained structures in black; second, modified images were analyzed quantitatively by densitometry with ImageJ software. Data are generally shown as means Ϯ SEM from the indicated number of independent experiments.
Nissl staining. After sectioning (20 m), sections were mounted and blotted onto slides before being processed through different baths in the following order: 100% ethyl alcohol (EtOH), 2 min; xylene, 2 min; 100% EtOH, 2 min; 70% EtOH, 2 min; distilled water, 5 min; cresyl violet, 3 min; distilled water, two dips; 70% EtOH, 5 min; 80% EtOH, 2 min; 90% EtOH, 2 min; 95% EtOH, 2 min; 100% EtOH, 5 min; xylene, 5 min; and then mounted with permount. After 24 h, they were observed under the microscope.
Results
Changes in NMDA-induced toxicity in acute hippocampal slices from young and adult rats Acute hippocampal slices from rats of various postnatal ages were treated with NMDA (100 M) for 1 or 3 h. Because LDH release was relatively low in the first hour, 1 h of NMDA treatment was followed by a 3 h recovery period in fresh aCSF to allow enough LDH release into the incubation solution. A 1 h NMDA treatment induced a significant release of LDH in slices from 1-to 3-week-old rats but not in slices from 2-or 3-month-old rats ( Fig.  1 A) . A similar pattern was observed after a 3 h treatment with NMDA ( Fig. 1 B) . In both cases (1 or 3 h NMDA treatment), NMDA-induced LDH release was partly blocked by APV (50 M) and completely blocked by (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten5,10-imine maleate (MK-801; 10 M) (Fig. 1 A, B) . Note that basal LDH release was higher in slices from 3 month-old rats compared with that in slices from 1-weekold rats; however, NMDA treatment did not result in higher LDH release than in control slices (Fig. 1C) .
PI staining also indicated that NMDA treatment induced higher cell death in slices from 1-week-old rats than in slices from adults (Fig. 2) . Quantitative analysis of staining intensity confirmed the visual impression and indicated that, compared with control, NMDA treatment induced a 3.11 Ϯ 0.3-fold increase in PI staining; this effect could also be completely blocked by MK-801 (1.32 Ϯ 0.15).
With Nissl staining, NMDA treatment also resulted in a different pattern of staining in slices from 1-week-old rats than in slices from adults ( Fig. 3 ). In the former, Nissl staining was increased in CA1 pyramidal cells and the cells appeared more shrunk. In slices from adult rats, NMDA treatment induced a loss of staining. In both cases, the effect of NMDA treatment was blocked by MK-801 (Fig. 3) .
NMDA-induced excitotoxicity in acute hippocampal slices is mediated through NR2B-containing NMDA receptors NMDA-induced LDH release in slices from 1-week-old rats was almost completely blocked by ifenprodil (5 M) and by Ro25-6981 (0.5 M), antagonists with higher affinity for NR2B-containing NMDA receptors. In contrast, application of NVP-AAM077 (0.5 M), an antagonist selective for NR2A-containing NMDA receptors, exhibited no significant protection. In slices from 3-week-old rats, although both ifenprodil and NVP-AAM077 attenuated NMDA-induced LDH release, only the effect of ifenprodil reached statistical significance (Fig. 1 D) .
Similarly, NMDA-induced increase in PI uptake in slices from 1-week-old rats was blocked by ifenprodil (1.25 Ϯ 0.16) but not by NVP-AAM077 (Fig. 2) . In slices from adult rats, the effect of NMDA treatment was not modified in the presence of MK-801, ifenprodil, or NVP-AAM077. NMDA-induced changes in Nissl staining in slices from both 1-week-old and adult rats were also blocked by ifenprodil but not by NVP-AAM077 (Fig. 3) .
Calpain activation is necessary for NMDA-induced excitotoxicity in acute hippocampal slices of young rats Spectrin is one of the preferred substrates of calpain, and calpain-mediated spectrin degradation is now widely used as a marker for calpain activation. NMDA treatment induced a 3.87 Ϯ 0.46-fold increase in spectrin degradation compared with control in slices of 1-week-old rats. The enhanced spectrin degradation was blocked by MK-801 (0.41 Ϯ 0.06) and markedly decreased by ifenprodil (1.56 Ϯ 0.30) and Ro25-6981 but was not significantly affected by NVP-AAM077 (3.64 Ϯ 0.42) (Fig. 4) . Note that MK-801 resulted in a decrease in spectrin degradation below control values, suggesting that some NMDA receptor activation takes place during the incubation of slices even in the absence of exogenous NMDA. In slices from 3-week-old rats, NMDA treatment induced a 1.92 Ϯ 0.13-fold increase in spectrin degradation, which was partly blocked by ifenprodil (1.55 Ϯ 0.09) and by NVP-AAM077 (1.47 Ϯ 0.07) and completely blocked by MK-801 (1.21 Ϯ 0.17). In contrast, NMDA treatment had no effect on spectrin degradation in slices from 3-month-old rats (Fig. 4 A) .
When NMDA was applied together with the membranepermeable calpain inhibitor calpain inhibitor III, or with EGTA in the absence of calcium, spectrin degradation was decreased below control levels in slices from rats of all ages (Fig. 5A) . In slices from 1-week-old rats, calpain inhibitor III also significantly reduced NMDA-induced LDH release from 4.03 Ϯ 0.22 to 2.62 Ϯ 0.19 (Fig. 5C ).
The lack of NMDA-induced toxicity in slices from adult rats is not attributable to a priming effect It has been reported previously that low levels of NMDA receptor activation could produce a refractory period to subsequent NMDA receptor activation (Vyklicky, 1993) . To test the hypothesis that the lack of NMDA toxicity observed in slices from adult rats could be caused by the release of glutamate and the activation of NMDA receptors during the preparation of slices from adult rats and/or the preincubation period, APV (50 M) or calpain inhibitor III (10 M) was added to both cutting medium and recovery solution before adding NMDA (100 M). When APV was present in the cutting medium and during the preincubation period, neither LDH release nor spectrin degradation were increased after NMDA treatment for periods ranging from 10 min to 3 h when compared with control (Fig. 6) . With calpain inhibitor III present in the cutting medium and during the preincubation period, there were similarly no obvious changes in NMDAinduced LDH release compared with control (Fig. 6C) . However, under these conditions, spectrin degradation was greatly reduced (by ϳ60%) in the absence or presence of NMDA for 10 min or 1 h. However, spectrin degradation levels increased to control (no calpain inhibitor III during the 1 h preincubation period) levels after 3 h incubation in the absence of calpain inhibitor III.
OGD induces excitotoxicity in acute slices from both young and adult rats To determine whether acute slices from adult rats were refractory to toxicity, we compared the toxic effects of another insult, OGD, in hippocampal slices from young and adult rats. In contrast to the lack of effect of NMDA treatment on LDH release in slices from adult rats, OGD treatment induced significant LDH release in slices from adult rats. Increasing the duration of OGD treat- Figure 3 . Effects of NMDA treatment on Nissl staining in acute slices from 1-week-old and 3-month-old rats. Acute hippocampal slices from 1-week-old or 3-month-old rats were incubated with 100 M NMDA for 3 h in the absence or presence of ifenprodil (Ifen; 5 M), NVP-AAM077 (NVP; 0.5 M), or MK-801 (MK; 10 M). At the end of incubation, sections were fixed and processed for Nissl staining as indicated in Materials and Methods. Note the marked increase in staining in NMDA-treated slices from 1-week-old rats, which contrasts with the decreased staining in slices from 3-month-old rats. Figure 4 . Effects of NMDA on calpain-mediated spectrin degradation in acute hippocampal slices from rats of different postnatal ages. Acute hippocampal slices were prepared from 1-week-old, 3-week-old, and 3-month-old rats and were incubated under various experimental conditions. At the end of incubation, slices were sonicated and aliquots were processed for immunoblotting with spectrin antibodies. A, Representative images of Western blots indicating the levels of the calpain-generated SBDPs at 150 and 145 kDa (arrows) in slices from rats of the indicated ages incubated in the absence [control (Cont)] or presence of NMDA, NMDA plus ifenprodil, NMDA plus NVP-AAM077 (NVP), or NMDA plus MK-801. B, Quantitative analysis of blots similar to those shown in A. Blots were scanned and the intensities of SBDP bands were quantified and expressed as fold increase over the respective control values, and the data represent means Ϯ SEM of four experiments. *p Ͻ 0.05 compared with control; † p Ͻ 0.05 compared with NMDA-treated slices.
ment from 20 to 60 min induced increased LDH release compared with control conditions (Fig. 7A ). In addition, in slices from 1-week-old rats, MK-801 (10 M) or calpain inhibitor III (10 M) significantly reduced OGD-induced LDH release by 37 or 52%; however, this effect was not observed in slices from 3-month-old rats (Fig. 7B) .
One hour of OGD treatment induced a 2.73 Ϯ 0.19-fold increase in spectrin degradation in slices from 1-week-old rats, an effect that was markedly attenuated by MK-801 (1.31 Ϯ 0.20) or completely blocked by calpain inhibitor III (0.75 Ϯ 0.08) (Fig. 8) . The same OGD treatment induced a small increase in spectrin degradation in slices from 3-month-old rats (1.34 Ϯ 0.14), and this effect was also blocked by calpain inhibitor III (0.51 Ϯ 0.07) but not by MK-801 (Fig. 8 B) . NVP-AAM077 (0.5 M) had no effect on OGD-induced spectrin degradation in slices from either young or adult rats, whereas ifenprodil (5 M) slightly reduced OGD-induced spectrin degradation in slices from 1-week-old rats (Fig. 8 A) .
NMDA treatment induces calpain-mediated PSD-95 truncation
PSD-95 is a major postsynaptic density protein and plays an important role in the assembly and organization of postsynaptic components of excitatory synapses. PSD-95 levels were much higher in hippocampal slices from 3-month-old than 1-week-old rats. NMDA treatment induced significant PSD-95 degradation in slices from 1-week-old rats but had little effect on PSD-95 levels in slices from 3-month-old rats (Fig. 9) . Surprisingly, in slices from 1-week-old rats, neither NVP-AAM077 nor ifenprodil modified NMDA-induced PSD-95 degradation, although calpain inhibitor III totally blocked NMDA-induced PSD-95 degradation, and in fact slightly increased PSD-95 levels, suggesting that some degree of PSD-95 degradation might take place during the incubation period under control conditions (Fig. 9) . 
Discussion
Our results indicate that several changes in the mechanisms of NMDA-mediated neurotoxicity take place during the postnatal period. First, NMDA elicits a rapid LDH release, PI uptake, and calpain activation in acute slices from young but not adult rat hippocampus. NMDA treatment also produced different morphological alterations in CA1 pyramidal neurons in slices from 1-week-old rats and from adult rats. In young rats, Nissl staining was darker and labeled cells appeared to be smaller, suggesting that the cells had shrunk and the Nissl substance was more concentrated. In contrast, in slices from adult rats, NMDA treatment resulted in a loss of Nissl staining, indicating a loss of neurons and/or a decreased density of Nissl substance. This could be because of neuronal swelling and cell death, as was reported previously (Siman and Card, 1988) . Few studies have investigated developmental changes in NMDA toxicity. Using cultured hippocampal slices, we did not find significant changes in NMDA-mediated toxicity with increasing periods of cultures ranging from 1 to 4 weeks (Bruce et al., 1995) . In contrast, McDonald et al. (1988) reported a large decrease in NMDA toxicity during the developmental period using direct in vivo injection of NMDA in striatum and hippocampus. Our current results therefore indicate that acute hippocampal slices provide a useful model to study mechanisms of NMDA toxicity because it reproduces these in vivo changes.
Second, NMDA treatment rapidly activates the calciumdependent protease calpain in slices from neonatal but not adult rats. We showed previously that calpain levels are highest in neonatal rats and decline during the postnatal period (Simonson et al., 1985) , and this effect could account for the observed decrease in NMDA-mediated calpain activation. In addition, it is possible that adult neurons have a higher capacity to regulate intracellular calcium levels than neonatal ones and that this limits the ability of NMDA treatment to activate calpain. We previously discussed the possibility that the switch from anaerobic to aerobic metabolism during the postnatal period plays an important role in developmental changes in synaptic plasticity and responses to injury, because it provides for increased mitochondrial capacity to synthesize ATP and to absorb large calcium loads . In any event, as blockade of calpain activity significantly reduced NMDA-mediated neurotoxicity in slices from neonatal rats, our results clearly establish that calpain activation plays a significant role in neurotoxicity in neonatal rat brain. The role of calpain in excitotoxicity has been controversial, with studies reporting clear evidence for the involvement of this protease, whereas others report the opposite (Bizat et al., 2003; Korhonen et al., 2005) . Recent studies using transgenic mice overexpressing human calpastatin, the endogenous inhibitor of calpain, provide clear evidence for a critical role of calpain in excitotoxicity (Higuchi et al., 2005) . It is also important to mention that in vivo administration of NMDA results in calpain activation (Siman et al., 1989) . However, the time course of this activation appears to be somewhat slower because the peak of activation was observed 24 h after NMDA injection.
Several mechanisms could account for the observed developmental changes in NMDA toxicity. First, the expression of NMDA receptors undergoes subunit-and region-related changes during postnatal development, with high NR2B and low NR2A expression at postnatal day 2, and increased expression of NR1 and NR2A during postnatal development (Sans et al., 2000; Liu et al., 2004) . This switch in NMDA receptors from predominantly NR2B-containing receptors to predominantly NR2A-containing receptors matches well with our results, because NMDA-induced toxicity in slices from 1-week-old rats was completely abolished by ifenprodil, an antagonist of NR2B-containing receptors, and not affected by NVP-AAM077, an NR2A-containing receptor antagonist. Moreover, the developmental profile of NMDAmediated toxicity also matches well the developmental changes in the ratio NR2B/NR2A (Liu et al., 2004) . Furthermore, NR2A-and NR2B-containing NMDA receptors have been shown to activate different intracellular cascades, although the results have not been consistent between in vitro and in vivo experiments (Krapivinsky et al., 2003; Liu et al., 2004; Kim et al., 2005) . Such differences may relate to the previously reported differences in the stimulation of synaptic (mostly NR2A-containing receptors) and extrasynaptic (mostly NR2B-containing receptors) NMDA receptors, with the former leading to cAMP response elementbinding protein activation and increased BDNF expression and neuronal survival and the latter leading to neuronal death (Hardingham et al., 2002) . Interestingly, blockade of NR2B-containing receptors almost completely blocked NMDAmediated spectrin degradation, indicating that activation of NR2B-containing receptors leads to calpain activation. Furthermore, results obtained in slices from 3-week-old rats indicated that blockade of either NR2A-containing or NR2B-containing receptors elicited a significant decrease in NMDA-mediated spectrin degradation, suggesting that activation of either type of receptors leads to calpain stimulation. Nevertheless, blockade of NR2B-containing but not NR2A-containing receptors was neuroprotective in slices from 3-week-old rats. Similarly, blockade of NR2B-containing but not NR2A-containing receptors prevented the changes in Nissl staining induced with NMDA treatment in slices from adult rats. These results strongly support the idea that the activation of NR2B-containing NMDA receptors is more critical for NMDA-mediated neurotoxicity and that the postnatal decrease in these receptors is responsible for the developmental changes in NMDA toxicity. Surprisingly, blocking either receptor did not prevent calpainmediated NMDA-mediated degradation of PSD-95 in slices from 1-week-old rats. This result suggests that there might exist additional subtypes of NMDA receptors that are linked to calpain activation at this developmental stage and closely associated with PSD-95.
Several experiments were performed to eliminate alternative explanations for the changes in NMDA toxicity in slices from adult rats. We first showed that the lack of NMDA-induced LDH release and PI uptake was not attributable to the priming of the receptors during slice preparation and preincubation, because previous studies have shown that activation of NMDA receptors is followed by a refractory period (Izumi et al., 1992) . We also compared the effects of another type of insult, OGD, in slices from neonatal and adult rats (Taylor et al., 1999) . In our experiment, 1 h of OGD treatment produced equivalent and high levels of LDH release in acute hippocampal slices from 1-week-old and 3-month-old rats. However, OGDinduced toxicity in slices of young or adult rats also involved different mechanisms, because MK-801 and calpain inhibitor III could partly block OGD-induced LDH release in slices from 1-week-old rats but had no effect on slices from adult rats. These results indicate that activation of NMDA receptors and calpain is involved in OGDinduced cell death in slices from young, but not adult, rats. Although synaptic glutamate release is increased by OGD treatment and OGD-induced cell death could be reduced by NMDA receptor inhibitors (Beck et al., 2003; Fujimoto et al., 2004) , recent studies have indicated that in ischemic brain, acidosis might play a key role. It appears more likely that ischemia-induced neuronal injury is mediated by acidosis and activation of Ca 2ϩ -permeable acid-sensing ion channels (Xiong et al., 2004) . This might explain why glutamate antagonists have failed to show effective neuroprotection in stroke in multiple human trials.
In conclusion, our results show that NMDA treatment exhibited developmental differences in excitotoxicity in acute hippocampal slices. In slices from neonatal rats, NMDA-induced excitotoxicity was associated with LDH release, PI uptake, and calpain activation as a result of the activation of NR2B-containing receptors. In contrast, NMDA-induced toxicity in slices from adult rats was not associated with LDH release, PI uptake, or calpain activation. Although one could argue that the higher levels of background for calpain-mediated spectrin breakdown product might have masked calpain activation in slices from adult rats, several reasons suggest that this is not the likely explanation. First, we were still able to detect an increase in spectrin breakdown after OGD treatment in slices from adult rats. Second, we were not able to detect NMDA-mediated calpain activation under conditions in which the basal levels of spectrin breakdown were markedly decreased (such by including calpain inhibitor in the cutting medium, a treatment that was shown not to modify NMDA-induced calpain activation in juvenile slices). In contrast, a 1 h OGD treatment elicited a similar degree of neurotoxicity in acute hippocampal slices from rats of different ages, although the mechanisms by which OGD induced neurotoxicity were also different between young and old rats. Finally, our results indicate that the use of acute hippocampal slices provide an interesting model to study mechanisms of NMDA toxicity that can be useful to better understand mechanisms of neurodegeneration. 
